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Abstract
Purpose—Breathing and swallowing problems affect elderly people and may be related to age-
associated tongue dysfunction. Hypoglossal motoneurons that innervate the tongue receive a
robust, excitatory serotonergic (5HT) input and may be affected by aging. We used a rat model of
aging and progressive resistance tongue exercise to determine if age-related alterations in 5HT
inputs to the hypoglossal nucleus can be modifed. We hypothesized that tongue forces would
increase with exercise, 5HT input to the tongue would decrease with age, and tongue exercise
would augment 5HT input to the hypoglossal nucleus.

Method—Young (9-10 months), middle-aged (24-25 months), and old (32-33 months) male
F344/BN rats received tongue exercise for 8 weeks. Immunoreactivity for 5HT was measured in
digital images of sections through the hypoglossal nucleus using ImageJ software.

Results—Tongue exercise resulted in increased maximum tongue forces at all ages. There was a
statistically significant increase in 5HT immunoreactivity in the hypoglossal nucleus in exercised,
young rats, but only in the caudal third of the nucleus, and primarily in the ventral half.

Conclusions—Specificity found in serotonergic input following exercise may reflect the
topographic organization of motoneurons in the hypoglossal nucleus and the tongue muscles
engaged in the exercise paradigm.

Introduction
Hypoglossal motoneurons innervating tongue muscles contribute significantly to the
maintenance of airway patency, especially during inspiration (Remmers, deGroot,
Sauerland, & Anch, 1978). Reduced hypoglossal nerve activity during sleep or anesthesia
can result in hypoxia due to upper airway obstruction. Hypoglossal motoneurons are
activated primarily by glutamatergic drive from presynaptic neurons located in the pons and
the medulla (Greer, Smith, & Feldman, 1991). Neuronal activity is modulated by a variety
of neurotransmitters including serotonergic, noradrenergic, histaminergic and GABAergic
inputs to hypoglossal motoneurons (Bastedo, Chan, Park, Liu, & Horner, 2009; V. B. Fenik,
Davies, & Kubin, 2005; Horner, 2008; Rekling, Funk, Bayliss, Dong, & Feldman, 2000;
Sood, Morrison, Liu, & Horner, 2005).
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The hypoglossal nucleus receives serotonergic (5HT) input primarily from neurons in the
medullary nucleus raphe pallidus and obscurus and the parapyramidal region (Barker,
Thomas, & Behan, 2009; Manaker & Tischler, 1993). In vitro and in vivo studies have
shown that 5HT activation of hypoglossal motoneurons is mediated by postsynaptic 5HT2A
receptors (Brandes, et al., 2007; P. Fenik & Veasey, 2003; Schwarzacher, Pestean, Gunther,
& Ballanyi, 2002). 5HT neurons are tonically active during wakefulness, and decrease their
firing rate during sleep (Jacobs & Azmitia, 1992; Kubin, Tojima, Davies, & Pack, 1992).
Withdrawal of 5HT excitatory drive to hypoglossal motoneurons during sleep is thought to
reduce upper airway patency and contribute to sleep apnea (Kubin, Tojima, Reignier, Pack,
& Davies, 1996; Remmers, et al., 1978).

Previous studies in our lab have shown that 5HT inputs to the hypoglossal nucleus undergo
plasticity. 5HT inputs in the hypoglossal nucleus are influenced by age, with a reduction in
the number of synaptic boutons and an increase in hypertrophied boutons seen in old rats
(Behan & Brownfield, 1999). In female rats, hypoglossal 5HT levels vary with the 5-day
estrous cycle (Behan, Zabka, Thomas, & Mitchell, 2003), possibly due to fluctuations in
estrogen and progesterone levels (Behan & Wenninger, 2008). Taken together these data
suggest that serotonergic axons and terminals in the hypoglossal nucleus have the capacity
to remodel, not just with aging, but also dynamically. Remodeling of synaptic terminals has
been described at the rat soleus neuromuscular junction following a 5-week regime of
progressive resistance exercise in young rats (Deschenes, et al., 2000). The enhanced tongue
protrusive force following exercise may be the result of an increase in 5HT modulation of
hypoglossal motoneurons. We hypothesized that progressive resistance tongue exercise
would result in increased voluntary tongue forces and remodeling of 5HT inputs to the
hypoglossal nucleus, specifically by an increase in the number of synaptic boutons. Further,
we hypothesized that exercise-induced augmentation in 5HT input would be age-dependent:
greater in young rats compared with old rats based on the fact that there are age-associated
changes in hypoglossal motoneurons (Schwarz, Thompson, Connor, & Behan, 2009) and the
hypoglossal neuromuscular junction (Hodges, Anderson, & Connor, 2004). To address these
hypotheses we quantified 5HT immunoreactivity in the hypoglossal nucleus in young,
middle-aged and old, exercised and control male rats.

Methods
All procedures were performed in compliance with the NIH Guide for the Care and Use of
Laboratory Animals and approved by the Institutional Animal Care and Use Committee at
the University of Wisconsin. At study completion, the animals were in one of three age
groups: young (9-10 months), middle-aged (24-25 months), or old (32-33 months). A total
of 48 (16 young, 16 middle-aged, 16 old) male Fischer 344/Brown Norway (F344/BN) rats
were obtained from the National Institute of Aging colony. Within each age group 8 animals
were divided into two different treatment groups: control and exercised. The median life
expectancy of F344/BN rats is 36 months (Turturro, et al., 1999). Every effort was made to
minimize the number of animals used and their suffering. Thus, tissues from these animals
were assigned to more than one experiment.

Exercise
A detailed account of tongue exercise procedures can be found elsewhere (Connor, et al.,
2009). Briefly, animals in the exercise group were obtained when they were either 6 months,
21 months or 29 months old to allow approximately 3 months of preparation, training, and
tongue exercise prior to euthanizing them for study of the hypoglossal nuclei.

For the first 14 days after arrival in the animal care facility, exercise rats were gradually
light-cycle reversed and water-restricted to exposure to water for only 3 hours per day.
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Following this period, an additional 10 days was spent training the animals to push the
tongue against an instrumented disk to obtain a water reward. The instrumented disk was
placed into an enclosure that was designed to accommodate a single rat with a depressed
front panel and a small portal that allowed tongue access to the force operandum disk, with
water presentation across the disk region. The apparatus functioned under computer control
to measure parameters of the tongue press and to deliver a water reward if preset force
challenges were met (Matrix Product Development, Cottage Grove, WI). A traditional
learning paradigm was used to train the exercise group to push the tongue against the disk. A
water reward was delivered according to a variable ratio (VR) 5 reinforcement schedule.

Tongue force maxima were individually estimated for each rat by averaging the 10 highest
tongue forces exerted across three days of increment training. This estimated maximum
press (EMP) value was then used to set thresholds for eight weeks of progressive resistance
exercise and comprised the baseline maximum voluntary tongue force (MVTF) value. For
the first two weeks, animals were trained to push the tongue against the disk at 50% of their
EMP to obtain the water reward. For weeks 3 and 4, animals were required to press the
tongue against the disk at 60% of the EMP. Similarly, weeks 5 and 6, and then 7 and 8
required 70% and 80% of the EMP to obtain the water reward, respectively. Increment
training was repeated following the 8 weeks of tongue exercise to obtain post-exercise
MVTF values.

Control animals did not receive tongue exercise or increment testing. As such, tongue force
measures were available only for the animals within the exercise group. It was not possible
to obtain voluntary tongue forces in the no-exercise group without training animals to
perform the tongue force task, which would necessarily involve 6-10 days of tongue
exercise at baseline and at 8 weeks following baseline. Accordingly, no-exercise control
animals were used only for between-subjects analyses of the hypoglossal nuclei and not
tongue force analyses.

Perfusion
Rats were anesthetized with isoflurane followed by sodium pentobarbital (120 mg/kg i.p.).
Anesthetized rats were transcardially perfused with 200 ml of heparinized saline (10,000
units/liter) followed by 400 mL of 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1M
sodium phosphate buffer (PB) (pH 7.4). Brains were removed and postfixed for 1 hour at
4°C, then cryoprotected for 24-36 hours at 4°C with 20% sucrose and 5% glycerol in 0.1M
PB. Sections were cut coronally (50 μm) and stored in 0.1M phosphate buffer containing
0.02% sodium azide at 4°C. Each hypoglossal nucleus yielded approximately 45 sections.
These sections were divided equally to represent rostral, middle, and caudal regions of the
nucleus. Two old exercised rats died before the brains could be harvested for
immunocytochemistry.

Immunocytochemistry
Two representative sections from rostral, middle and caudal regions of the hypoglossal
nucleus were selected from each animal for 5HT immunoreactivity. Sections were washed in
0.1M phosphate buffered saline (PBS) for 3 × 5 minutes, and incubated in 3% hydrogen
peroxide in distilled H2O (dH2O) for 20 minutes. Sections were washed again (3 × 5
minutes) and pre-treated with 1% sodium borohydride in dH2O for 30 minutes. Sections
were washed in 0.1% Triton X-100 (Tx-100; Sigma, St. Louis, MO, USA) in 0.1M PBS (3 ×
5 minutes), blocked with 5% normal goat serum (NGS) in 0.1% Tx-100 in 0.1M PBS for 60
minutes, and incubated with an antibody to 5HT made in rabbit (1:5000, (Brownfield,
Yracheta, Chu, Lorenz, & Diaz, 1998) in 1% NGS with 0.75% Tx-100 for 18 hours at 4°C
with gentle agitation. Sections were washed in 0.1M PBS with 0.1% Tx-100 (6 × 10
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minutes). Sections were incubated with biotinylated goat anti-rabbit IgG (1:1000, Vector
Laboratories, Burlingame, CA, USA) with 3% NGS solution in 0.1M PBS with 0.25% Tx
-100 for 2 hours at room temperature. Sections were washed in 0.1M PBS with 0.1% Tx-100
(3 × 10 minutes) and then incubated with ABC Complex (0.6%; Vectastain Elite Kit, Vector
Laboratories, Burlingame, CA, USA) in 0.1M PBS with 0.1% Tx-100 for 60 minutes at
room temperature. Sections were washed in 0.1M PBS (2 × 10 minutes) and incubated with
0.08% DAB in 0.1M PBS with 0.02% H2O2 for 3 minutes. Sections were washed, mounted
on slides, dried overnight, and coverslipped with Eukitt (Calibrated Instruments, Hawthorne,
NY, USA).

Analysis
Digital images were taken using the SPOT (Advanced version) computer software and a
SPOT RT Slider camera (Diagnostic Instruments, Sterling Heights, MI, USA) attached to a
Nikon Eclipse E600 microscope. Microscope slides were coded such that the investigator
was blinded to their identity throughout the analysis. The paired hypoglossal nuclei were
divided into quadrants (Fig. 1). One picture was taken of each quadrant using the 60X
objective, resulting in 8 images from each section. Images (area = 30,000 μm2; 8 pixels/
μm2) were analyzed for 5HT staining density (ImageJ, version 1.42a; NIH). Images were
adjusted to visually highlight 5HT staining. 5HT terminals range from 0.5–3.0 μm in
diameter (Aldes, Chronister, Marco, Haycock, & Thibault, 1988). Thus, particles measuring
0.5–3.50 μm2 were counted. The area fraction (percentage of stained pixels) in each image
was computed (Rasband, 1997-2001; Abramoff et al., 2004). To confirm that measurements
were reliable, 10 ventrolateral or ventromedial caudal sections were randomly chosen, re-
visualized and re-measured by the same microscopist (CFT). Area fractions were
recalculated without reference to the original measures. Area fraction values from the
original and remeasured slides were highly correlated (r=.82) with a mean difference of 0.1.
Original values were used in statistical analyses.

We used an analysis of covariance (ANCOVA) to compare tongue forces between age
groups with the weight of the animal as the covariate. The pre-to-post exercise change in
force was assessed within each age group using a paired t-test. Weights and changes in
weight were compared between age and exercise groups using analysis of variance
(ANOVA). The impact of age, exercise, weight, region, quadrant, and side on the percent of
area in the hypoglossal nucleus that contained 5HT was examined using a repeated measures
ANOVA. Post hoc tests were performed using Fisher's protected Lesat Significant
Difference (LSD) tests. The Fisher LSD provides a t-statistic that is reported in the results
along with the associated p-values.

All analyses were performed using SAS statistical software version 9.1 (SAS Institute Inc.,
Cary, NC). All tests were two-tailed and p-values less than 0.05 were considered as
significant. Experimentwise error was not controlled with an alpha correction because these
conservative approaches may have led us to disregard biological meaningful contrasts, and
as such increase the probability of Type II error.

Results
Weight

Prior to and following tongue exercise, animal body weight increased significantly with age
(F5,39 = 18.8, p < 0.0001; F5,39 = 5.35, p < 0.0008). Post hoc tests revealed that the old and
middle aged rats were significantly heavier than the young rats, with no difference between
middle-aged and old (p > 0.05). However, there were no statistically significant differences
in weight between control and exercised groups of rats at any age. Because difference in
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body weight among age groups may affect measurement of muscle strength (Jaric, 2002),
force data were compared using analysis of covariance (ANCOVA) with weight as a
covariate.

Force
When adjusted for weight, tongue exercise resulted in increased maximum tongue force (g)
at all ages compared with baseline values (Fig. 2; F2, 19 = 3.79, p = 0.04). Posthoc testing
revealed that there was a significantly greater increase in tongue force with exercise in the
middle aged rats compared with young adult rats (p < 0.01), and no difference between
young adult and old, or middle aged and old rats. Although there were no significant
differences in baseline force across the three age groups, there was a trend for middle-aged
rats to exert less force than young and old rats (Fig. 2). The greatest change in force with
exercise was exhibited by middle-aged and old rats (young: 46%; middle aged: 60.8%; old:
67.6%).

5HT immunoreactivity in Exercised vs. Control Rats
Dense 5HT immunoreactivity was present throughout the hypoglossal nucleus compared
with the surrounding brain regions (Fig. 3). Synaptic boutons were present along axons (en
passant) as well as at axon terminals. The majority of boutons measured 0.5–3.0 μm in
diameter.

Rostrocaudal Extent of the Hypoglossal Nucleus—In the rostral and middle regions
of the hypoglossal nucleus, there was no significant difference in 5HT immunoreactivity in
young, middle aged or old rats as a function of exercise (p > 0.05) (Fig. 4A,B). However, in
the caudal one-third of the nucleus, there was a statistically significant effect of exercise on
5HT immunoreactivity in young rats only (t37 = 2.58, p = 0.01) (Fig. 4C). When each of the
four quadrants (dorsolateral, dorsomedial, ventrolateral, ventromedial) were analyzed
individually throughout the rostro-caudal extent of the nucleus, there was a statistically
significant increase in 5HT immunoreactivity as a function of exercise in the ventrolateral
and ventromedial quadrants, but only in young exercised by comparison with young control
rats (t37 = 2.53, p = 0.016 and t37 = 2.34, p = 0.02, respectively) (Fig. 5A).

In the rostral and caudal regions of the hypoglossal nucleus, there was no statistically
significant effect of age on 5HT immunoreactivity (Fig. 4A,C). In the middle region of the
hypoglossal nucleus, there was an age-associated increase in 5HT immunoreactivity in
middle-aged by comparison with young control rats (t37 = 2.35, p = 0.02) (Fig. 4B).

Quadrants of the Hypoglossal Nucleus—When each quadrant (dorsolateral,
dorsomedial, ventrolateral, ventromedial) was analyzed in the rostral, the middle, or the
caudal third of the nucleus (Fig. 5B,C,D), there was a statistically significant increase in
5HT immunoreactivity as a function of exercise only in the caudal third of the nucleus, and
only in young animals. This increase was present in dorsomedial, ventrolateral and
ventromedial quadrants (dorsomedial t37 = 2.71, p = 0.01; ventrolateral t37 = 2.37, p = 0.02;
ventromedial t37 = 3.03, p = 0.004) (Fig. 5D).

When each of the four quadrants (dorsolateral, dorsomedial, ventrolateral, ventromedial)
were analyzed individually throughout the rostro-caudal extent of the hypoglossal nucleus,
there was not a statistically significant difference in 5HT immunoreactivity in exercised vs.
control rats (Fig. 5A). Similarly, when each quadrant was analyzed in the rostral, the middle,
or the caudal third of the hypoglossal nucleus, no statistically significant differences were
found between exercised and control rats (Fig. 5B,C,D).
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No statistically significant correlations were found between tongue force measurements and
5HT immunoreactivity in the caudal region of the hypoglossal nucleus in exercised rats at
any age.

Discussion
The hypotheses tested in this investigation were that progressive resistance tongue exercise
would result in greater voluntary tongue forces relative to baseline force levels and age-
dependent remodeling of 5HT inputs to the hypoglossal nucleus, with greater change
manifested in young rats versus old rats. Our findings allowed us to accept these hypotheses
in that: (1) tongue exercise resulted in significantly increased tongue forces at all ages; (2)
tongue exercise resulted in a region-specific increase in 5HT immunoreactivity in the
hypoglossal nucleus in young rats; (3) age-associated changes in 5HT immunoreactivity in
the hypoglossal nucleus were region specific (Fig. 6). Regional changes in 5HT
immunoreactivity may reflect the topographic organization of motoneurons in the
hypoglossal nucleus and the specific tongue muscles engaged in the exercise paradigm.

Anatomy of the Hypoglossal Nucleus
A brief overview of hypoglossal nucleus anatomy is presented to provide potential
explanations for our findings. In the hypoglossal nucleus of the rat, separate pools of
motoneuronss innervate individual tongue muscles. Dividing the hypoglossal nucleus in half
dorsoventrally, motoneuronss in the dorsal half innervate retrusor tongue muscles
(styloglossus and hyoglossus) via the lateral branch of the hypoglossal nerve, and
motoneurons in the ventral half innervate protrusor tongue muscles (genioglossus) via the
medial branch of the hypoglossal nerve (Aldes, 1995; Altschuler, Bao, & Miselis, 1994;
Dobbins & Feldman, 1995; McClung & Goldberg, 1999).

It is estimated that 20-30% of motoneurons in each subdivision innervate extrinsic muscles,
with the remainder innervating a complex network of intrinsic tongue muscles oriented in
longitudinal, vertical and transverse directions (McClung & Goldberg, 1999, 2002; Uemura-
Sumi, Itoh, & Mizuno, 1988). Motoneurons innervating intrinsic muscles are present in both
the dorsal (superior longitudinal, inferior longitudinal) and ventral (transverse, vertical)
subdivisions of the hypoglossal nucleus. The rostrocaudal topography of the hypoglossal
nucleus is such that genioglossal motoneurons innervating the main protrusor muscle of the
tongue are found throughout the entire rostrocaudal extent of the ventral subdivision (Aldes,
1995; McClung & Goldberg, 2002). From the perspective of the tongue, muscles in the
dorsal aspect (hyoglossus, superior longitudinal) are innervated by motoneurons in the
caudal half of the hypoglossal nucleus whereas muscles in the ventral aspect (styloglossus,
superior longitudinal) are innervated by motoneurons in the rostral half of the nucleus
(McClung & Goldberg, 1999). Movements of the tongue tip are exclusively controlled by
intrinsic muscles (Napadow, Chen, Wedeen, & Gilbert, 1999). Thus, increased 5HT
immunoreactivity in ventrolateral regions of the hypoglossal nucleus with tongue exercise
were expected and reasonable due to the nature of the tongue press task that likely engaged
extrinsic tongue muscles, such as the genioglossus. However, involvement of intrinsic
muscles of the tongue was also highly likely because the water reward provided to the rats
necessitated shaping/contouring of the tongue to hold the water bolus and to allow delivery
of the bolus into the oral cavity. Therefore, the interaction between the somatotoptic
organization of the hypoglossal nucleus and the tongue press/water reward components of
the task offer an explanation for primary regions of the hypoglossal nucleus in which
significant differences were found. Because electromyography of specific tongue muscles
was not performed during this task, we were unable to discern whether particular extrinsic or
intrinsic tongue muscles were active during the tongue press task, or if particular muscles
increased activity levels with exercise.
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Exercise-induced remodeling
Potential sites of exercise-induced neuroplasticity include hypoglossal motoneurons, the
hypoglossal neuromuscular junction, and the tongue musculature. Synaptic inputs to
hypoglossal motoneurons (e.g., glutamateric, serotonergic) may undergo synaptogenesis
following exercise, although the capacity for exercise-induced remodeling may diminish
with age, as has been shown for glutamatergic inputs to the hippocampus of aged rats
(McGahon et al., 1997; Davies et al., 2003). In addition to preand post-synaptic membrane-
associated changes, second messenger signaling pathways that have been implicated in
plasticity of respiratory motor output may also show age-related changes (Dale-Nagle et al.,
2010; Gooney et al., 2004). Factors that promote synaptogenesis include the neurotrophins,
a family of proteins that, when activated, initiate signaling cascades that promote the
survival and function of neurons (Poo, 2001). Muscle activity has been shown to increase
the expression of muscle-derived neurotrophins (Funakoshi et al., 1995), and increase nerve
terminal branching at the neuromuscular junction (for review, see Marzetti and
Leeuwenburgh, 2006). Changes have been described at the hypoglossal neuromuscular
junction with increasing age including a reduction in cholinergic postsynaptic receptors
(Hodges et al., 2004), which may be due to diminished neurotrophin release. Age-associated
changes in muscle fiber type on the genioglossus muscle of the tongue may also alter the
capacity for exercise-induced neuroplasticity in old animals (Schaser et al. in press). Thus,
exercise-induced changes in tongue function may result from plasticity in both central and
peripheral structures.

Tongue muscles engaged in pressing on a disk to get a water reward include protrusors
(stick the tongue out, press down), intrinsic muscles (shaping the tongue, collecting a bolus
of water) and retrusors (withdrawing of the tongue and transferring the bolus). Thus,
regional changes in 5HT immunoreactivity may reflect 5HT modulation of neurons that
activate muscles specifically engaged in the exercise paradigm: intrinsic muscles, the
extrinsic styloglossus and genioglossus muscles, and neurons innervating muscles in the
dorsal aspect of the tongue including the hyoglossus and superior longitudinal intrinsic
muscles (Aldes, 1995; McClung & Goldberg, 1999, 2002). Consistent with this, increased
5HT immunoreactivity following exercise was measured in the ventral half of the nucleus
(primarily associated with motoneurons innervating protrusor muscles), and the caudal third
of the nucleus (primarily associated with motoneurons innervating intrinsic muscles) (Fig.
6).

5HT inputs terminate on the somata and dendrites of hypoglossal motoneurons, with up to
75% terminating on small to medium-sized dendrites (Aldes, et al., 1988). Dendrites of
hypoglossal motoneurons are extensive (Altschuler, et al., 1994; Schwarz, et al., 2009) and
would likely cross into adjacent quadrants to those in which measurements were made in the
present study. Thus, the changes observed in this investigation of 5HT immunoreactivity are
probably an underestimate, especially with the method of analysis we used (measuring
particles < 3.5 μm in diameter). This may explain the absence of any detectable increase in
5HT immunoreactivity in middle-aged and old rats following exercise, despite a clear effect
on tongue force (Fig. 2). Schwarz et al. (Schwarz, et al., 2009) recently reported a
statistically significant decrease in the number of primary dendrites associated hypoglossal
motoneurons in old F344/BN rats (36 months), which could have reduced the dendritic
surface area available for synaptic contacts. However, as the number of primary dendrites
was not significantly different in young and middle aged rats (Schwarz, et al., 2009), other
mechanisms, such as changes at the muscle level (Connor, et al., 2009) may be contributing
to the increase in tongue force seen in middle-aged and old rats, especially as middle-aged
rats achieved the highest percent increase in tongue force after training (Fig. 2). Despite this,
middle-aged rats demonstrated the lowest absolute baseline and post-exercise force levels,
which may represent an age-related decrease in tongue strength not found in the oldest
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animals. An explanation for this finding may be a putative neuromuscular compensation that
was suggested in a study of rat neuromuscular junction (NMJ) where maximal degeneration
was found in 28-month-old animals compared with 31-month-old animals (Rosenheimer &
Smith, 1985).

Age-associated changes in 5HT immunoreactivity
In the present study we found an age-associated increase in 5HT immunoreactivity by
middle age, primarily in the middle region of the hypoglossal nucleus that did not decrease
in old rats (Fig. 4). This finding contrasts with a previous study in Fisher 344 rats in which
we found a decrease in 5HT immunoreactivity in the hypoglossal nucleus with age (3-6
months vs. 18-24 months; (Behan & Brownfield, 1999). However, the two studies differed
methodologically: the earlier study used a non-quantitative analysis of 5HT
immunoreactivity. In contrast, the particle analysis (measuring particles < 3.5 μm in
diameter) used in the present study is designed to include 5HT synaptic boutons, but not
axons, and it would also exclude the varicose terminals that were described in the earlier
study in old rats. Rat strain differences (F344 vs. BN/F344), as well as the definition of
young and old may also have contributed to the discrepancy between the two studies. The
significance of an age-associated increase in 5HT terminals in the middle-third of the
hypoglossal nucleus in BN/F344 rats is difficult to assess without additional information on
5HT metabolism, reuptake, and 5HT receptor expression.

Clinical implications
Oropharyngeal exercises, including tongue exercise, may be an effective therapy for patients
with upper airway dysfunction including obstructive sleep apnea (Guimaraes, Drager, Genta,
Marcondes, & Lorenzi-Filho, 2009; Puhan, et al., 2006) and swallowing disorders (Robbins,
et al., 2005; Shaker, et al., 1997). Obstructive sleep apnea (OSA) affects 4% of adults,
primarily older men and postmenopausal women (Bixler, et al., 2001; Young, Finn, Austin,
& Peterson, 2003; Young, et al., 1993). During sleep airway resistance increases, and this
can result in repetitive closure of the airway in OSA patients. OSA is associated with sleep
fragmentation, daytime sleepiness and increased cardiovascular risk (Dempsey, Veasey,
Morgan, & O'Donnell, 2010). The tongue has a major role in the maintenance of airway
patency (Horner, 2007), and endogenous excitation of hypoglossal motoneurons by the
neuromodulators 5HT and norepinephrnine help to maintain airway patency during
wakefulness (Chan, Steenland, Liu, & Horner, 2006; Kubin & Davies, 2002). Two studies
highlight the effectiveness of upper airway muscle exercise as a treatment for OSA. In a
randomized controlled trial, playing the didgeridoo 5 days/week for 4 months reduced the
severity and symptoms of patients with moderate OSA (Puhan, et al., 2006). In the second
study a series of oropharyngeal exercises were shown to significantly reduce the severity of
OSA (Guimaraes, et al., 2009). These exercises included a tongue press to palate task
similar to exercises used in swallowing rehabilitation (see below).

With regard to swallowing, age-related decline in function has been reported in previous
clinical studies that found the duration of the swallow to be longer, thus increasing the
opportunity for airway penetration and aspiration of the bolus (Ekberg & Feinberg, 1991;
Logemann, et al., 2000; Robbins, Hamilton, Lof, & Kempster, 1992). Because lingual
weakness was implicated as a potentially causative factor for age-related dysphagia
(Mortimore, Fiddes, Stephens, & Douglas, 1999; Nicosia, et al., 2000), the use of tongue
exercise has been investigated with promising results (Kays & Robbins, 2006; Robbins, et
al., 2008; Robbins, et al., 2005; Robbins, et al., 2007; Stathopoulos & Felson Duchan,
2006). Specifically, increased tongue pressures have been found during swallowing after 8
weeks of tongue exercise that appeared to translate to improved swallowing-related quality
of life (Robbins, et al., 2007)

Behan et al. Page 8

J Speech Lang Hear Res. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In conclusion, we have shown that repetitive tongue exercise elicits an increase in the
number of 5HT-immunoreactive structures measuring 0.5 – 3.0 μm in diameter in the caudal
hypoglossal nucleus in young rats. These varicosities most likely represent serotonergic
synaptic boutons (Aldes, et al., 1988), which would suggest that there is sprouting of
serotonergic inputs to the hypoglossal nucleus in the vicinity of motoneurons innervating the
genioglossus muscle of the tongue. The density of 5HT terminals and receptors has also
been reported to increase in the hypoglossal nucleus in response to chronic intermittent
hypoxia which is a major component of OSA pathogenesis (Rukhadze, Fenik, Benincasa,
Price, & Kubin, 2010). These authors suggest that brain-derived neurotrophic factor (BDNF)
plays an important role in the sprouting of 5HT terminals in response to chronic intermittent
hypoxia. The mechanisms by which tongue exercise generates increased tongue force may
involve BDNF, as well as other trophic factors (Gomez-Pinilla, et al., 2007). Other
neuromodulators of hypoglossal motoneurons such as neuropeptide Y, Substance P, CGRP,
enkephalins and catecholamines (Horner, 2007) may also be upregulated by repetitive
tongue exercise. Each of these possibilities should be explored further.
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Figure 1.
The location of sample areas in the hypoglossal nucleus. The paired hypoglossal nuclei were
divided into quadrants. One image was taken from each quadrant: dorsolateral (DL),
dorsomedial (DM), ventrolateral (VL) and ventromedial (VM) on each side. 4V, fourth
ventricle. Diagram modified from (Paxinos & Watson, 1998).
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Figure 2.
Baseline and post-exercise tongue force in young, middle-aged and old rats. At all ages there
was a statistically significant increase in force following 8 weeks of exercise training (p <
0.05).
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Figure 3.
Photomicrograph of 5HT immunoreactivity in the ventrolateral quadrant of the middle third
of the hypoglossal nucleus in a middle-aged control rat. Synaptic boutons are present along
axons (en passant) as well as at axon terminals. Boutons measure 0.5– 3.0 μm in diameter.
Insert shows en passant (arrows) and terminal (arrowhead) boutons. Scale bars = 10 μm.
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Figure 4.
5HT immunoreactivity (area fraction) in rostral (A), middle (B) and caudal (C) regions of
the hypoglossal nucleus in young, middle-aged and old, control and exercised rats. Asterisk
denotes significance (p < 0.05).
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Figure 5.
Quadrant-specific 5HT immunoreactivity (area fraction) in the entire hypoglossal nucleus
(A), and in rostral (B), middle (C) and caudal (D) regions in young, middle-aged and old,
control and exercised rats. Asterisk denotes significance (p < 0.05).
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Figure 6.
Summary diagram of region-specific exercise-induced and age-related changes in 5HT
immunoreactivity in the hypoglossal nucleus. Top: The hypoglossal nucleus is represented
as an elongated cylinder divided into three regions, rostral, middle and caudal. Within each
region are four sample quadrants, dorsolateral (DL), dorsomedial (DM), ventrolateral (VL)
and ventromedial (VM). Rat groups comprise young (Y), young-exercised (YE), middle-
aged (M), middle-aged exercised (ME), old (O), old exercised (OE). Asterisks denote
significance (p < 0.05). Brackets denote a strong trend. Bottom: Check marks denote a
statistically significant effect of age or exercise in a region of the hypoglossal nucleus. X
denotes no statistically significant effect.
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